In the postnatal mammalian brain, neural stem cells of the ventricular-subventricular zone continue to generate doublecortin (Dcx)-expressing immature neurons. Throughout life, these immature neurons migrate to the olfactory bulb through the rostral migratory stream (RMS). In this study, we investigated the distribution of these putative immature neurons using enhanced 
| INTRODUCTION
In the postnatal mammalian brain, neurogenesis continuously occurs throughout life in two restricted regions, namely, the ventricularsubventricular zone (V-SVZ) of the lateral ventricle and the subgranular zone of the hippocampal dentate gyrus (Fuentealba, Obernier, & Alvarez-Buylla, 2012 ). In the V-SVZ, neural stem cells generate immature neurons, which later migrate via the rostral migratory stream (RMS), which represents a pathway to the olfactory bulb (OB) (Anton et al., 2004; García-González et al., 2017; Kaneko et al., 2010; Ota et al., 2014; Snapyan et al., 2009 ). These migrating immature neurons form elongated cell aggregates, termed chains, within the RMS (Lois, García-Verdugo, & Alvarez-Buylla, 1996) . In addition, they display a long leading process, which forms a transient cytoplasmic dilation (referred to as a swelling) (Bellion, Baudoin, Alvarez, Bornens, & Métin, 2005; Schaar & McConnell, 2005) . After reaching the OB, the immature neurons differentiate into mature neurons and subsequently integrate into olfactory circuits (García-González et al., 2017; Lois & Alvarez-Buylla, 1994; Luskin, 1993; Sawada et al., 2018) . The V-SVZ-derived immature neurons can also migrate toward damaged regions, where they can contribute to neuronal regeneration (Arvidsson, Collin, Kirik, Kokaia, & Lindvall, 2002; Jinnou et al., 2018; Parent, Vexler, Gong, Derugin, & Ferriero, 2002; Yamashita et al., 2006; Yang et al., 2007) . Therefore, investigating migratory immature neurons in the postnatal brain is important for better understanding the mechanisms underlying the maintenance of homeostasis and neuronal regeneration following injury.
Within the RMS and its surroundings, the V-SVZ-derived immature neurons, astrocytes, and blood vessels undergo postnatal structural reorganization (Bozoyan, Khlghatyan, & Saghatelyan, 2012; Peretto, Giachino, Aimar, Fasolo, & Bonfanti, 2005) . Astrocytes are positioned at the border of the RMS during early postnatal development, following which they are transferred to the inside of the RMS (Bozoyan et al., 2012; Peretto et al., 2005) . Similarly, blood vessels are transferred from the border of the RMS to the inside of the RMS during postnatal development (Bozoyan et al., 2012) . During late postnatal development, the chains of immature neurons are formed within the RMS (Peretto et al., 2005) .
In the adult RMS, these chain-forming immature neurons utilize blood vessels as a migratory scaffold (Snapyan et al., 2009; Whitman, Fan, Rela, Rodriguez-Gil, & Greer, 2009) , and are surrounded by astrocytic processes termed glial tubes (Kaneko et al., 2010; Lois et al., 1996) .
Recently, it has been reported that some V-SVZ-derived immature neurons migrate toward regions other than the OB in various species (Inta et al., 2008; Le Magueresse et al., 2012; Sanai et al., 2011) . For example, a pathway branching from the RMS to the ventromedial prefrontal cortex has been observed in the infant human brain (Sanai et al., 2011) . In the juvenile mouse, immature neurons have been observed migrating along blood vessels to the cerebral cortex (Inta et al., 2008; Le Magueresse et al., 2012) . However, little research has been conducted to better understand these immature neurons.
In the past decade, progress in optical clearing techniques has dramatically advanced three-dimensional (3D) imaging, which is used for morphological analysis of the fixed whole brain (Chung et Kuwajima et al., 2013; Susaki et al., 2014) . In addition, we have previously proposed a simple and rapid optical clearing protocol using 2,2 0 -thiodiethanol (TDE) solutions (Aoyagi, Kawakami, Osanai, Hibi, & Nemoto, 2015) . Moreover, two-photon microscopy has often been used in the studies of neurogenesis Mizrahi, 2007; Mizrahi, Lu, Irving, Feng, & Katz, 2006; Nam et al., 2007; Sawada et al., 2011) . Along with these advancements in bioimaging techniques, the generation of gigabyte-and terabyte-sized large-volume image datasets of complex information, including cell morphology and brain tissue structures, has become more frequent. However, these advancements have resulted in significant difficulties in manually processing the images and extracting their information. Thus, the establishment of computational approaches for automatic image processing and analysis is desirable (Meijering, Carpenter, Peng, Hamprecht, & Olivo-Marin, 2016; Peng, 2008) .
In this study, we utilized transgenic mice expressing enhanced green fluorescent protein (EGFP) under the control of the doublecortin (Dcx) promoter (Dcx-EGFP). By utilizing a combined protocol of TDE solutions and two-photon microscopy, the entire structure of the RMS and its surroundings in Dcx-EGFP mice were visualized in 3D.
We also describe the spatial distribution of EGFP-positive cells and their leading process orientations, which was achieved by using computational methods based on morphological image processing. Our results demonstrated that numerous EGFP-positive cells in the areas surrounding the RMS were distributed heterogeneously, of which the leading processes were extended in various directions, suggesting that a subset of immature neurons may be detached from the RMS and migrate in various directions.
| MATERIALS AND METHODS

| Animals
For immunohistochemical experiments, wild-type ICR mice of various ages (postnatal day (P) 11, P16, P29-P31, and P55-P57) were purchased from Sankyo Labo Service Corporation (Tokyo, Japan). To observe the fixed brain blocks by TDE treatment, juvenile (P15) and adult (3 months of age) transgenic mice expressing EGFP under the control of the Dcx promoter (Dcx-EGFP) were used. The Dcx-EGFP mouse line was originally generated by the GENSAT bacterial artificial chromosome transgenic project (Gong et al., 2003) . All protocols were approved by the Institutional Animal Care and Use Committee of National University Corporation Hokkaido University (Permit Number:
10-0119). All experiments were performed in accordance with the Guidelines for the Care and Use of Laboratory Animals of the Animal
Research Committee of Hokkaido University.
| Immunohistochemistry
Wild-type ICR mice were anesthetized with sodium pentobarbital and transcardially perfused with phosphate buffered saline (PBS), followed by 4% paraformaldehyde in PBS. Brains were then removed and postfixed overnight in the same fixative. After fixation, the thin fixed coronal brain slices (50 μm in thickness) were prepared by using a vibratome (7000smz; Campden Instruments Ltd, Leicestershire, UK). The fixed brain slices were then incubated in blocking solution (10% normal donkey serum in PBS containing 0.2% Triton X-100) for 30 min at room temperature, followed by incubation with primary antibodies (see next section) overnight at 4 C. After washing with 0.05% Tween 20 in PBS, the brain slices were incubated for 2-3 hr at room temperature with 
| Antibody characterization
All antibodies used for immunohistochemistry experiments were commercially available and demonstrated the appropriate pattern of cellular morphology and distribution (Bordiuk, Smith, Morin, & Semënov, 2014; Brunne et al., 2010; Hirota et al., 2012; Murata et al., 2012; . Details of the primary antibody are described in Table 1 .
| Preparation of fixed brains blocks and TDE treatment
Juvenile Dcx-EGFP mice were anesthetized with sodium pentobarbital and injected with 100 μL (10 mg/mL) of Texas Red-conjugated dextran (70,000 MW, lysine fixable; Thermo Fisher Scientific, Waltham, MA) into the tail vein to label blood vessels. Brains were then quickly removed and fixed by immersion in 4% paraformaldehyde in PBS for 3 days. Adult Dcx-EGFP mouse was also anesthetized with sodium pentobarbital and transcardially perfused with PBS, followed by 4% paraformaldehyde in PBS. Brain was then removed and post-fixed in the same fixative for 3 days. From these fixed brains, fixed brain blocks (500 or 800 μm in thickness) were prepared by using a vibratome (see Section 2.2). To render the fixed brain blocks optically transparent, TDE treatment was performed based on the previously reported method (Aoyagi et al., 2015) . In this study, 30% and 40% TDE solutions were prepared by mixing TDE with 10× PBS in a measuring cylinder, followed by dilution with Milli-Q water to achieve the final concentration. Fixed brain blocks were then immersed in a 30% TDE solution for 1 day, followed by immersion in a 40% TDE solution for 1 day.
| Image acquisition
All image stacks were acquired with a confocal and two-photon microscope system (A1R-MP and FN1; Nikon, Tokyo, Japan) equipped with surrounding the RMS, the 3D structure of the RMS was first identified and segmented from two-photon microscopy image stacks. The segmentation process is briefly described as follows:
1. The acquired image data were smoothed with a median filter to remove noise and small structures other than the RMS structure.
2. Smoothed images were binarized via an automatic thresholding method (the Otsu's method (Otsu, 1979) ).
3. Binarized residual noise was removed using a median filter.
4. Holes within the RMS region were filled, and the outer shape of the RMS was smoothed via a morphological closing operation.
Second, the locations of EGFP-positive cells in the areas surrounding the RMS were detected by a pattern-matching approach. Note. Dcx = doublecortin; GFAP = glial fibrillary acidic protein; NeuN = neuronal nuclei; GFP = green fluorescent protein.
Specifically, we employed the template-matching method (Gonzalez & Woods, 2006) . Using this method, a reference image of the EGFP-positive cell, which serves as a template, is generated, and the template is searched within the two-photon microscopy image to find regions that are very similar to itself. The location of the detected region is then defined as the location of the EGFP-positive cell. In this study, we used two types of templates with parallel and perpendicular orientations of the cell. The steps of the template-matching procedure are described as follows:
1. To generate templates, single EGFP-positive cell (expressed as Dcx) images were manually identified from micrographs.
2. The identified images were classified into two groups: cells whose leading processes extended parallel (20 cells) or perpendicular (15 cells) to the focal plane of the objective lens.
3. The images in each group were aligned using an affine transformation (in-plane shift and rotation). Results were then averaged, and the entire process was iteratively carried out. The averaged images were then defined as the templates. 
| Analysis of blood vessels in the areas surrounding the RMS
First, to analyze the blood vessels surrounding the RMS, the 3D structures of the blood vessels were first identified and segmented from two-photon microscopy image stacks. The segmentation process is briefly described as follows:
1. The acquired image data were smoothed with a Gaussian filter to remove noise.
Smoothed images were binarized via an automatic thresholding
method (the triangle thresholding method (Zack, Rogers, & Latt, 1977) ).
3. Binarized residual noise was removed by a 3D morphological opening.
Second, we analyzed the 3D structures surrounding the blood vessels, and identified the EGFP-positive cells. The 3D structures were located at distances of 0, 2, and 12 μm from the surface of the blood vessels, and their thickness was 2 μm. Finally, we manually determined whether the EGFP-positive cells formed an obvious swelling in their leading process.
| Analysis of EGFP-positive cell leading process orientation
First, structures of the cell body and the whole cell of individual EGFPpositive cells were separately extracted from two-photon microscopy image stacks. The segmentation process is briefly described as follows:
1. The acquired image data were smoothed with a Gaussian filter to remove noise. To identify astrocytes, the expression of glial fibrillary acidic protein (GFAP) was examined by immunohistochemistry. As previously described (Bozoyan et al., 2012; Peretto et al., 2005) , astrocytes strongly expressing GFAP were found in the areas surrounding the RMS at early developmental stages and within the adult RMS RMS. Thus, the medial border of the RMS was sharply demarcated (Figure 2g-i) . Our results suggested that Dcx-positive cells surrounding the RMS may be observed by using juvenile Dcx-EGFP mice.
3.3 | 3D visualization of the entire structure of the RMS and its surroundings in the juvenile mouse
To three-dimensionally visualize the RMS and its surroundings in the juvenile Dcx-EGFP mouse, we used an optical clearing protocol using TDE solutions (Aoyagi et al., 2015) . According to this protocol, fixed thick brain blocks (800 μm) from juvenile Dcx-EGFP mice (P15) were rendered optically transparent after the mice were injected with a fixable fluorescent dextran into the tail vein to label the blood vessels.
The transparent thick brain blocks were then further evaluated by two-photon microscopy. As a result, the 3D reconstruction of the entire structure of the RMS was achieved, starting from the V-SVZ and ending at the OB with blood vessels (Figure 3a Next, we examined the spatial relationship between blood vessels and EGFP-positive cells. Blood vessels were barely located within the RMS, and most were located at the outer border of the RMS, as previously reported (Bozoyan et al., 2012) . Particularly, in the medial outer region of the RMS, several isolated chains of EGFP-positive cells were aligned along the blood vessels (Figure 3b ). In addition, we observed that several of the EGFP-positive cells in the areas surrounding the RMS extended their leading process in the direction along the blood vessel (Figure 3f ) or across the blood vessel (Figure 3g ). 
100 -150 μm 150 -200 μm The brown lines represent the outlines of the cell body and whole cell regions. The orientation of the leading process was determined by the direction from the centroid of the cell body region (pink dot) to that of the whole cell region (light blue dot). (e,f ) Schematic drawings for the orientation analysis of the leading process. The calculated direction was first normalized (that is, length = 1; black arrow), and three components (the parallel, the tangential, and the radial components; gray arrows) were investigated. The directions of the leading processes were classified into six groups: toward OB (OB), toward V-SVZ (SVZ), clockwise direction (CW; lateral to dorsal), counterclockwise direction (CCW; lateral to ventral), outward direction of RMS (OR), and inward direction of RMS (IR). In the areas surrounding the RMS, a portion of the EGFP-positive cells were observed to be adjacent to blood vessels (Figure 3b,f ) . In this regard, these cells may utilize the blood vessel as a migratory scaffold, as do immature neurons in other regions (Bovetti et al., 2007; Le Magueresse et al., 2012; Snapyan et al., 2009; Whitman et al., 2009 ).
However, our results also demonstrated that the EGFP-positive cells that did not align along the blood vessels (Figure 3e,g ) may instead migrate along other structures such as astrocytes or axons.
| Postnatal development of the RMS and its surroundings
As previously reported (Bozoyan et al., 2012; Peretto et al., 2005) , we observed that the RMS and its surroundings undergo a structural reorganization during the first three postnatal weeks (Figure 1) . Notably, many Dcx-positive cells were localized to the areas surrounding the RMS in the juvenile mouse, and the width of the RMS was narrowed in the adult mouse. If the Dcx-positive cells surrounding the RMS migrate from the RMS, as discussed above, then this may result in a decreasing number of immature neurons within the RMS, thus narrowing its width.
The appearance of Dcx-positive cells in the areas surrounding the RMS coincided with the appearance of GFAP-positive astrocytes within the RMS (Figure 1m-p) . Thus, the appearance of Dcx-positive cells may be linked to postnatal events involving GFAP-positive astrocytes, such as the formation of glial tubes, although this formation has been reported to occur from the medial side of the RMS (Peretto et al., 2005) . Indeed, many EGFP-positive cells were found around the elbow of the RMS (Figure 5d-h) , where GFAP-positive astrocytes have been reported to increase (Law, Pencea, Buck, & Luskin, 1999) . Conversely, some extracellular diffusible factors might be involved in the appearance and migration of the Dcx-positive cells during postnatal development. The migration of immature neurons within the RMS has been shown to be regulated by a variety of factors, including chemoattractants for immature neurons (e.g., Netrin-1, brainderived neurotrophic factor, and hepatocyte growth factor ; Chiaramello et al., 2007; Murase & Horwitz, 2002; Wang, Zhang, Gyetko, & Parent, 2011) and chemorepellents for immature neurons, such as Slit2 Wu et al., 1999) .
Glial tubes have often been considered as a physical barrier between the RMS and its surrounding areas (Lois et al., 1996) . The 
| Conclusion and future applications
In conclusion, Dcx-expressing cells in juvenile mice were found to be distributed heterogeneously in the areas surrounding the RMS, and the orientation patterns of their leading processes differed depending on their locations (Figure 8 ). This detailed description was successfully obtained through a combination of 3D imaging techniques and the computational image processing protocol developed here. This methodology can be applied to various experimental designs for further studies of immature neurons. For example, when applied to GAD-EGFP transgenic mouse where only a subset of immature neurons is labeled (Nam et al., 2007) , the migratory directions of immature neurons within the RMS can be examined in 3D.
As described above, our analyses using fixed brains cannot con- Lastly, the methodology developed here may also be applicable to various disease and injury models, which allows for the analysis of immature neurons migrating toward damaged regions. Indeed, immature neurons derived from the V-SVZ have been investigated as a therapeutic target for various neurological disorders (Kaneko, Sawada, & Sawamoto, 2017; Lu, Manaenko, & Hu, 2017; Ruan et al., 2014) . 
